We propose to use optical detection of magnetic resonance (ODMR) to measure the decoherence time T 2 of a single-electron spin in a semiconductor quantum dot. The electron is in one of the spin 1/2 states and a circularly polarized laser can only create an optical excitation for one of the electron spin states due to Pauli blocking. An applied electron spin resonance (ESR) field leads to Rabi spin flips and thus to a modulation of the photoluminescence or, alternatively, of the photocurrent. This allows one to measure the ESR linewidth and the coherent Rabi oscillations, from which the electron spin decoherence can be determined. We study different possible schemes for such an ODMR setup, including cw or pulsed laser excitation.
INTRODUCTION
The spin 1/2 states |↑ and |↓ of an electron in a semiconductor quantum dot can be used as an implementation of a quantum bit (qubit) [1] . Because of the rather weak coupling of the spin and orbital degrees of freedom in quantum dots, the electron spin is only weakly interacting with its environment. Still, there is a finite lifetime for spin in these systems, limiting the time during which quantum information can be processed. For single spins, one distinguishes between the two characteristic decay times T 1 and T 2 . The relaxation of an excited spin state in a magnetic field into the thermal equilibrium occurs with the spin relaxation time T 1 , whereas the spin decoherence time T 2 is associated with the loss of phase coherence of a single spin that is prepared in a coherent superposition of its eigenstates. Recent experiments with InGaAs and GaAs dots have shown extremely long spin relaxation times up to T 1 ≈ 1 ms [2] [3] [4] . Experimental T 2 measurements of single electron spins in quantum dots are highly desirable and have not been accomplished so far. It would also be interesting to experimentally verify the theoretical prediction T 2 = 2T 1 for a quantum dot (with decoherence due to the spin-orbit interaction) [5] .
Coherent control and detection of excitonic states in single-quantum dots has been demonstrated in optical experiments [6] . Nevertheless, the T 2 time of a single-electron spin in a quantum dot has not yet been measured successfully using optical methods. In this respect, the interaction of the electron and the hole of the exciton imposes a principal difficulty: The electron spin and the hole spin are only decoupled if the hole spin couples stronger to the environment than to the electron spin. However, timeresolved Faraday rotation experiments suggest that there is significant coupling of electron and hole spins in quantum dots [7] . In many other experiments, electron-hole pairs are excited inside the barrier material of a quantum dot heterostructure. After their creation, the carriers diffuse into the dots within typically tens of picoseconds [8, 9] . Because of the fast relaxation time of the hole spin in the barrier, electron and hole spins decouple during this time. One would thus expect that in such a setup only the spin decoherence of electrons can be measured, e.g., by the Hanle effect [10] . But this approach has not yet given conclusive results for T 2 . Alternatively, T 2 can be measured via currents through quantum dots in an ESR field [11] [12] [13] . However, this requires contacting of the dots with current leads which reduces coherence, while with an optical detection scheme one can also benefit from the high sensitivity of photodetectors.
Optical detection of magnetic resonance (ODMR) has already been applied to measure the coherence of single spins in various systems, including single molecules [14, 15] and single nitrogenvacancy centers in diamond [16, 17] . Recent ODMR experiments on charge-neutral semiconductor quantum dots [18, 19] have demonstrated the feasibility of the combination of ESR and optical methods in quantum dot experiments, but have not considered single-spin coherence.
In this article, we start by reviewing our recent proposal [20] to measure T 2 of a single-electron spin in a semiconductor quantum dot via ODMR. We also add new results on the detection using photocurrent and on the luminescence intensity autocorrelation function. In Section 2, we discuss the states of a negatively charged exciton in a quantum dot. We introduce the Hamiltonian in Section 3 and describe the dynamics of the ODMR setup with a generalized master equation in Section 4. We show in Section 5 that the linewidth of the photoluminescence as function of the ESR frequency provides a lower bound on T 2 [20] . Extending our previous work, we elaborate on the read out via photocurrent in Section 6 and discuss in Section 7 the autocorrelation function of the luminescence intensity as another possible detection scheme. Further, we identify a regime where T 1 can be measured optically. We show in Section 8 that electron-spin Rabi oscillations can be detected via the photoluminescence if pulsed laser and cw ESR excitation is applied. Using pulsed laser excitation, electron spin precession can be detected with similar schemes, as we discuss in Section 9. We conclude in Section 10.
NEGATIVELY CHARGED EXCITONS
We consider a quantum dot that confines electrons as well as holes (i.e., a type I dot). We assume that the dot is charged with one single electron. This can be achieved experimentally, e.g., by n-doping [21] , or by electrical injection if the dot is embedded inside a photodiode structure [22, 23] . The single-electron state of the dot can be optically excited, creating a negatively charged exciton (X − ) which consists of two electrons and one hole. In the X − ground state, the two electrons form a spin singlet in the lowest (conduction-band) electron level and the hole occupies the lowest (valence-band) hole level, as shown in recent experiments with InAs dots [24, 25] and GaAs dots [26] . Such negatively charged excitons can be used to read out and initialize a single electron spin [27] . We assume that the lowest heavy hole (hh) dot level (with total angular momentum projection J z = ±3/2) and the lowest light hole (lh) dot level (with J z = ±1/2) are split by an energy δ hh−lh and that mixing of hh and lh states is negligible. These conditions are satisfied for several types of quantum dots [24] [25] [26] [27] [28] [29] . Then, if excitation is restricted to either hh or lh states, the circularly polarized optical transitions σ + and σ − are unambigously related to one spin polarization of the conduction-band electron because of optical selection rules, see also Fig. 1 . Here, we assume a hh ground state for holes.
For the proposed ODMR scheme, we consider the following dot states (see also Fig. 1 ). In the presence of an external static magnetic field, a single electron in the lowest orbital state can be in the spin [21] . This energy difference δ is mainly given by the single-electron level spacing (≈ 50 meV [30] ) and the electron-electron exchange interaction. Consequently, the state |X − ↓ can be excited resonantly by a circularly polarized laser with a bandwidth lower than δ and δ hh−lh . An ODMR scheme including an X − state with an excited hole is also possible, as we discuss in Section 5.
HAMILTONIAN
In an ODMR setup with a quantum dot containing a single excess electron, we describe the energyconserving dynamics with the Hamiltonian
which couples the three states |↑ , |↓ , and |X − ↓ . Here, H dot contains the quantum dot potential, the Zeeman energies due to a constant magnetic field B z in the z direction, and the Coulomb interaction of electrons and holes. The dot energy E n is defined by H dot |n = E n |n . We set h = 1 in the following. The electron Zeeman splitting is e z = g z e µ B B z = E ↓ − E ↑ , where g z e is the electron g factor and µ B is the Bohr magneton. In B z , we also include the Overhauser field which could possibly arise from dynamically polarized nuclear spins. The ESR term H ESR (t) couples the two electron Zeeman levels |↑ and |↓ via the magnetic field B ⊥ (t), which rotates with frequency ω ESR in the xy plane. Note that a linearly oscillating magnetic field, B x (t) = B 0 x cos(ω ESR t)x, can be applied instead of B ⊥ (t) [31] . In the rotating wave approximation, this field leads to the same result as the rotating field with B ⊥ → B . Even if the ESR field is also resonant with the hole Zeeman splitting, the Rabi oscillations of the holes have a negligible effect since the charged exciton states recombine quickly.
As an alternative to an ESR field, an oscillating field µ B ↔ g B could also be produced using voltagecontrolled modulation of the electron g-tensor ↔ g , which has already been achieved experimentally in quantum wells [32] . A σ − -polarized laser of frequency ω L is applied in z direction (typically parallel to [001]), with the free laser field Hamiltonian [20] . We take the coupling to the laser into account in H d−L . Because the laser is circularly polarized, the terms that violate energy conservation vanish due to selection rules. Further, the absorption of a σ − photon in the spin ground state |↑ is excluded due to Pauli blocking because we assume that the laser bandwidth is smaller than δ hh−lh and δ , as discussed in Section 2. Note that the very same scheme can also be applied if the sign of the hole g factor is reversed, since a σ + laser field can then be used and all results apply after interchanging |X − ↓ and |X − ↑ . The laser bandwidth and also the temperature can safely exceed the electron Zeeman splitting. Finally, we exclude all multiphoton processes via other levels since they are only relevant to high-intensity laser fields. In this configuration, the σ − photon absorption is switched "on" and "off" by the electron spin flips driven by the ESR. We next transform H into the rotating frame with respect to the field frequencies ω ESR and ω L . We introduce the laser detuning
GENERALIZED MASTER EQUATION
For the dot dynamics including relaxation and decoherence processes (see Fig. 2 ), we consider the reduced density matrix for the dot, ρ = Tr R ρ F . Here, ρ F is the full density matrix of the dot and its environment (or reservoir), i.e. the unobserved degrees of freedom, and Tr R is the trace taken over the reservoir. We take the interaction of the dot states with the ESR and the laser fields exactly into account using the Hamiltonian [Eq. (1)] in the rotating frame. With a generalized master equation in the Lindblad form, we take the coupling with the environment (radiation field, nuclear spins, phonons, spin-orbit interaction, etc.) into account with phenomenological rates. We use the rates W nm ≡ W n←m for the incoherent transitions from state |m to |n and the rates V nm for the decay of the corresponding off-diagonal matrix elements of ρ. These decoherence rates V nm have the structure 
The remaining (off-diagonal) matrix elements of ρ are decoupled from these equations and are not further important here.
ESR LINEWIDTH IN THE PHOTOLUMINESCENCE
We now calculate the stationary photoluminescence for a cw ESR field and a cw laser field. For this, we evaluate the stationary density matrixρ, which satisfiesρ = 0. We introduce the effective rate
for the optical excitation, which takes its maximum value W max L for δ L = 0. We first solveρ X↓,↑ = 0. We find that the coupling to the laser field produces an additional decoherence channel to the electron spin. We thus obtain a renormalized spin decoherence rate V ESR , which satisfies
Similarly, the ESR detuning δ ESR is also renormalized,δ
We assume that these renormalizations and δ L are small compared to the optical linewidth V X , i.e., W 
which together with W L eliminates the parameters 
where the normalization factor η is chosen such that n ρ n = 1. Comparing the expressions forρ ↑ andρ ↓ above, we see thatρ ↑ ≥ρ ↓ is satisfied for W ↑↓ ≥ W ↓↑ . This electron spin polarization is due to the hole spin relaxation channel, analogous as in an optical pumping scheme. A hole spin flip corresponds to leakage out of the states that are driven by the external fields. Since the dynamics due to the ESR is much slower than the optical recombination, there is an increased population of the state |↑ .
The 
see also Fig. 3 . By analyzing the expression for γ, we find the relevant parameter regime with the inequality 
Here, the second inequality saturates when the expression in brackets in Eq. (18) becomes close to 1 (e.g., for efficient hole spin relaxation [33, 34] W r is large and w ≈ 2V ESR ). For the first inequality,
. To check our analytical approximation for , we have solved the generalized master equation numerically using the parameters given in the caption of Fig. 3 . Comparing the two results for , we find that the relative difference is less than 0.2%.
Because of possible imperfections in the ODMR scheme described above, e.g., due to mixing of hh and lh states or due to a small contribution of the σ + polarization in the laser light, there can be a small probability that the Pauli blocking of absorption is somewhat lifted and the state |↑ can be optically excited. We describe this process with the effective rate W L,↑ . It leads to an additional linewidth broadening, similar to the one described with Eq. (18) . We find that this effect is small if W L,↑ < W ESR .
The setup discussed in this section combines optical excitation and detection at the same wavelength. The laser stray light is an undesirable background here and its detection can be avoided, e.g., by using a polarization filter and by measuring only + . The laser could also be distinguished from − if twophoton excitation is applied, which is, e.g., possible with excitons in II-VI (e.g., CdSe [35] or CdS [36] ) and I-VII (e.g., CuCl [37] ) semiconductor nanocrystals. As another alternative, the optical excitation could be tuned to an excited hole state (hh or lh) [38] , possibly with a reversal of laser polarization. Using a pulsed laser would enable the distinction between luminescence and laser light by time-gated detection. See also Section 8 for another detection scheme with a pulsed laser. Another option is to detect the resonant absorption instead of the photoluminescence, using an optical transmission setup [39] . Finally, one can also measure the photocurrent [40, 41] instead of the photoluminescence, which we discuss in the following section.
READ OUT VIA PHOTOCURRENT
As an alternative to photon detection, the presence of a charged exciton X − on the dot can also be read out via an electric current (the so-called photocurrent) [40, 41] . Here, a strong electric field is applied across the quantum dot, and one electron and one hole tunnel out of the dot into two adjacent current leads. Thus, the total charge e is transported through the dot per optical excitation, where e is the elementary charge. Because the tunneling process is spin-independent, the remaining electron on the dot has equal probabilities to be in state |↑ or in state |↓ , in contrast to the read out using photoluminescence. We now calculate the stationary photocurrent. For this, we apply a generalized master equation description, similarly as in Section 4 for the photoluminescence. We introduce phenomenological photocurrent rates W pc as shown in Fig. 4 . For strong tunneling (W pc > W em ), optical recombination is negligible and the X − are predominantly detected via the photocurrent. The generalized master equation is then given bẏ 
. (26) Note that in the previous expressions for V X and V X↓,↑ , the relaxation rate W em is now replaced bỹ W pc = 2W pc . We then obtain for the stationary solution
Hereη is a normalization factor such that n ρ n = 1. The photocurrent I pc = eW pc (ρ X↓ +ρ X↑ ) is a Lorentzian as a function of the ESR detuningδ ESR . The linewidth is bound by the inequality
where the right hand side is a smaller upper bound for w than the one obtained for the photoluminescence [Eq. (18)]. This can be understood by noting that above result for the photocurrent can also be obtained from the expression for the stationary photoluminescence (see Section 5) by replacing W em →W pc and in the limit W X↑,X↓ , W X↓,X↑ → ∞.
LUMINESCENCE INTENSITY AUTOCORRELATION FUNCTION
The luminescence intensity autocorrelation function I(t)I(t + τ) has recently been used in experiments to demonstrate the suitability of single quantum dots for single-photon sources [42, 43] . We discuss here that electron spin Rabi oscillations can be detected via I(t)I(t + τ) . For this, we assume that the laser polarization is changed to σ + . At low temperatures (kT < g z hh µ B B z , where k is (2)- (8) were derived according to Fig. 2 . We model the time evolution of the dot state |↑ in lowest order in W L and obtain the probability to be in the final state |X − ↑ after some time τ. We consider the regime W L ≤ V ESR and V ESR ESR < W em and obtain for the luminescence intensity autocorrelation function
Here, I(t) is the σ + luminescence intensity,ρ ↑ ≈ W ↑↓ /(W ↑↓ +W ↓↑ ) is the stationary occupation of |↑ , and P ↑ (τ) is the conditional probability to be again in the state |↑ after the time t + τ if the state was |↑ at time t. For δ ESR = 0 and W ↑↓ = W ↓↑ , we find P ↑ (τ) ≈ 1/2 + (1/2) exp[−(τ/2)(1/T 2 + 1/T 1 )] cos( ESR τ), Thus, the inverse decay rate of the detected oscillations in I(t)I(t + τ) [Eq. (32) ] gives a lower bound on 2T 2 .
To conclude this section, we briefly point out that the single-spin relaxation time T 1 can be measured via a similar double resonance scheme as discussed for I(t)I(t + τ) above. This can be done in the regime L , W em ESR , W ↑↓ , i.e., we require a larger intensity of the σ + laser as considered for the T 2 measurement. Then, the system is predominantly driven by the laser field. Occasionally, the ESR field excites the electron spin and interrupts the optical excitations. After relaxation of the spin, the laser again acts on the dot and gives rise to photoluminescence. The mean time of photoluminescence interruptions due to ESR excitation is thus given by T 1 , similarly as for a single atom [44] .
SPIN RABI OSCILLATIONS VIA PHOTOLUMINESCENCE
The photoluminescence can be measured as a function of the pulse repetition time τ rep of a pulsed laser while keeping δ ESR constant. We again consider cw ESR and choose σ − for the laser polarization, while the previous restrictions on the laser bandwidth still apply (see Section 2). Since excessive population is trapped in the state |↑ during a laser pulse due to hole spin flips and subsequent emission of a photon, the dot is preferably in the state |↑ (rather than |↓ ) at the end of a laser pulse. During the "off" time of the laser between two pulses, the ESR field rotates the electron spin. The next laser pulse then reads out the spin state |↓ . Thus, as a function of τ rep , the spin Rabi oscillations can be observed in the photoluminescence (similarly as in I(t)I(t + τ) ), see Fig. 6 . To model the pulsed laser excitation, we consider square pulses of length t, for simplicity. In the generalized master equationρ(t) = M(t)ρ(t), we write M(t) = M L [where M L is defined via Eqs. (2)-(8)] during a laser pulse and M(t) = M 0 otherwise, setting L = 0. We obtain the steady-state density matrix ρ ∞ of the dot state just after the pulse from
] describes the time evolution of ρ during τ rep . The steady-state photoluminescence is now calculated by = W em (ρ X↓ + ρ X↑ ), where the bar symbolizes time averaging over many periods τ rep . If the laser pulse duration is longer than the lifetime of a negatively charged exciton, t > W −1 em (and not shorter than an optical π pulse), the spin oscillations become more pronounced, see Fig. 6b . This is because after an optical recombination of the state |X − ↓ , the laser pulse is still on and excites the state |↓ again to |X − ↓ . This iterated excitation increases the total probability of a hole spin flip during a laser pulse and therefore the total population trapped in the state |↑ .
SPIN PRECESSION VIA PHOTOLUMINESCENCE
Similar to Rabi oscillations, the precession of a single electron spin in a static magnetic field can also be observed if pulsed laser excitation is applied to a quantum dot charged with a single excess electron. For this, we consider the Voigt geometry, i.e., a static magnetic field is applied in a direction x, transverse to the laser beam direction z. We again assume circular polarization of the laser. Consequently, the optical transitions are between the spin states along the quantization axis in z direction, see Fig. 7 . For low temperatures [34] and for W em h x = g x h µ B B x /2, where h x is the hole spin precession frequency, we can neglect hole spin flips. Then, a state |↓ is obtained on the dot after the absorption of a σ − laser pulse and subsequent optical recombination. This is not an eigenstate of the quantum dot in the presence However, the spin precession decays due to decoherence. Using pulsed laser excitation, the photoluminescence (τ rep ) as a function of the pulse repetition time τ rep oscillates according to the spin precession and the damping is described by the spin decoherence time, similarly as with ESR (see Sections 7 and 8) . In the regime where the hole spin flip rate is not small compared to W em the visibility of these photoluminescence oscillations is reduced, similarly as in Section 8, where the spin polarization was decreased for short laser pulses [see Fig. 6a ]. Finally, we note that in contrast to the detection of spin Rabi oscillations (driven by ESR), in this setup spin decoherence is measured in the absence of a driving field.
CONCLUSION
We have studied an ODMR setup with ESR and polarized optical excitation. We have shown that this setup allows the optical measurement of the singleelectron spin decoherence time T 2 in semiconductor quantum dots. The discussed cw and pulsed optical detection schemes can also be combined with pulsed instead of cw ESR, allowing spin echo and similar standard techniques. Such pulses can, e.g., be produced via the AC Stark effect [45, 46] . Further, as an alternative to photoluminescence detection, photocurrent can be used to read out the charged exciton, and the same ODMR scheme can be applied. We have finally described a scheme, where single-spin precession can be detected via photoluminescence in a similar excitation setup.
